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Introduction
The relationship between the construction/destruction of an orogen and the transport/infill in the adjacent sedimentary basin results from a complex interplay between tectonic and surface processes. The resulting mass redistribution drives uplift and erosion in the orogen and subsidence and sedimentation in the foreland basin. In the case of subduction-related orogenesis, the typical geometry of a foredeep as shown by modelling studies assumes a sedimentary wedge formed by flexure due to thrust loading, which migrates in time towards the foreland due to subduction [e.g. Beaumont, 1981] . When the passive continental margin part of the lower plate has been subducted (i.e. during collision) the convergence gradually stops, the foreland basin undergoes a regressive stage of complete basin fill and is exhumed due to post-collisional rebound. This typical model is often at odds with observations derived from seismic-studies, which demonstrate significant subsidence of the foreland basin and the external part of the orogenic wedge in the post-collisional stage and/or renewed out-of-sequence contractional episodes [e.g. Bertotti et al., 2006] . This has been explained by the post-collisional evolution of the remnant slab, which can have an impact on the geometry of foredeep wedges by vertical movements associated with processes such as detachment or delamination [e.g. Sacks and Secor, 1990; Wortel and Spakman, 2000] . However, some of the abnormal foredeep geometries cannot be explained by the evolution of the slab only, and require additional processes, such as lithospheric folding in the case of the Carpathians [e.g. Bertotti et al., 2003] .
Models of subduction generally predict that mountain chains will develop in double-vergent orogenic wedges during collision and that denudation amplifies the hinterland exhumation along retro-shears [e.g. Beaumont et al., 1994] . In such orogens, exhumational steady-state, i.e. the balance between topography, erosion and temperature distribution, assumes that reset thermochronological age zones will be nested adjacent to the retro-deformation front [e.g. Willett and Brandon, 2002] . However, many orogens do not indicate obvious enhanced contractional exhumation in the orogenic core during collision. This is observed in Mediterranean-type orogens, such as the Apennines, Dinarides, Calabria and the Betics [Jolivet and Faccenna, 2000] . Most of these chains develop back-arc basins during convergence [Faccenna et al., 2004] and can be defined as subduction-dominated orogens, i.e. where the subduction velocity is higher than the convergence velocity [Royden and Burchfiel, 1989] .
The SE Carpathians (Figure 4 .1) are an example of such an orogenic system that lacks enhanced exhumation in the orogenic core. The Carpathians form a highly-arcuate mountain belt associated with a large back-arc basin (i.e. Pannonian Basin, Figure 4 .1). Within the Carpathian system, the collisional evolution of the SE Carpathians and adjacent Focşani foredeep basin shows some striking features. Following the cessation of early to middle Miocene nappe-stacking, a Pliocene to Quaternary exhumation phase in the mountain chain took place synchronous with abnormally high subsidence in its foredeep basin [e.g. Tărăpoancă et al., 2003] . The foredeep reveals continuous latest Miocene-Pliocene subsidence, followed by early Quaternary inversion and tilting of strata [Matenco et al., 2007] . However, in the adjacent orogenic nappe pile the timing of this renewed contraction and associated uplift appears to have started earlier, at around 5-6 Ma. This is indicated by thermochronological studies [Sanders et al., 1999] and a petrological change in the sediment sources of the foredeep deposits [Panaiotu et al., 2007] . The force driving this two-stage post-collisional evolution (subsidence followed by renewed contraction) is not well understood, but is generally attributed to processes taking place in the already subducted slab (such as delamination) [see Knapp et al., 2005 for a review], or to intra-plate deformation [e.g. Cloetingh et Vasiliev, 2006; Săndulescu, 1984; Visarion et al., 1988; Matenco et al., 2003] . Contours in the Focşani Basin indicate depth of Quaternary deposits [Matenco et al., 2007] . A A L L C C A A P P A A
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C C A A R R P P A A T T H HI
Deformation episodes in the Carpathians are traditionally dated using posttectonic covers [e.g. Săndulescu, 1988] (Figure 4 .2). Quantitative thermochronological constraints on the exhumation history related to these deformation episodes are available for the South Carpathians [Fügenschuh and Schmid, 2005 and references therein] or for isolated parts in the East Carpathians [e.g. Gröger et al., 2008] (Figure 4 .1). No quantitative constraints on the pre-Miocene evolution of the SE Carpathians are available. These are, however, critical for unravelling the unusual collisional geometry of the SE Carpathians. This is because a large part of the rotation and translation of the Tisza-Dacia upper plate unit around the Moesian lower plate (Figure 4 .1) took place during the Paleogene [e.g. Fügenschuh and Schmid, 2005] . This movement of the upper plate would imply shortening in the East and SE Carpathians, which is not defined so far.
A large number of uncertainties exist concerning the mechanisms, timing and rates of exhumation of the final evolutional stages of low-topography orogens such as the Carpathians. This is largely due to the fact that exhumation is in the order of a few kilometres and thus outside the resolution of most thermochronometers. However, with the application of apatite fission track (AFT) and apatite (UTh)/He (AHe) thermochronology with low closure temperatures of 120-80
• C and 85-40
• C respectively, the location, timing and rates of Cretaceous-Quaternary exhumation in the SE Carpathians can be assessed.
Evolution of the East and SE Carpathians and kinematic constraints
The Carpathians are an arcuate fold-and-thrust belt, which resulted from N-S convergence between a puzzle of continental domains situated between the main Apulian/Adriatic and Eurasian plates [e.g. Csontos and Vörös, 2004 and references therein] (Figure 4 .1b). In the Romanian Carpathians, the Alpine kinematics can be briefly summarized as the evolution of three continental domains which have closed two oceans. At the interior, the East Vardar Ocean (or Transylvanides), part of the Neotethys, was situated between the Tisza and Dacia continental blocks (Figure 4.1b) [see Schmid et al., 2008] . It opened during Triassic-Jurassic times, gradually closed and underwent subduction/obduction during Late Jurassic-Cretaceous times followed by continental collision in the late Early Cretaceous [e.g. Schmid et al., 2008 and references therein] . At the exterior, the Ceahlău-Severin Ocean, part of the Alpine Tethys, opened between the Dacia block and the European/Moesian foreland during Late Jurassic-Early Cretaceous times (Figure 4 .1b) and was subsequently closed by subduction recorded in Cretaceous to Miocene contractional episodes [e.g. Ştefănescu, 1976; Schmid et al., 2008] .
Cretaceous convergence of Ceahlău-Severin
In the East and SE Carpathians, Cretaceous convergence of the Ceahlău-Severin Ocean resulted in intra-Albian and intra-Senonian tectonic events affecting both the upper continental block (Dacia) and the sediments deposited in the Ceahlău-Severin oceanic domain [Săndulescu, 1988] (Figure 4 .1). Ştefănescu, 1976; Kräutner, 1980] . The continental Dacian units (Bucovinian-Getic nappes; Figure 4 .1a) were accreted onto the ophiolite-bearing Ceahlău unit (and its South Carpathian equivalent, the Severin nappe) during the intra-Albian tectonic event [e.g. Săndulescu, 1988] . During the same intra-Albian event, the most internal thrust sheet of the Ceahlău unit (Baraolt nappe; Figure 4 .1a) was deformed, as indicated by the upper Albian-Cenomanian post-tectonic cover (Figure 4.2) [e.g. Ştefănescu, 1976] . The intra-Senonian event led to the thrusting of the main body of the Ceahlău unit over the depositional area of the future Miocene external thrust belt (Figure 4 .1), as demonstrated by the late Campanian-Maastrichtian post-tectonic cover (Figure 4.2) [e.g. Săndulescu, 1988; Melinte and Jipa, 2005] .
Following Cretaceous tectonic events, Paleogene deformations in the South Carpathians accommodated the Paleogene-Lower Miocene rotation of Tisza-Dacia around Moesia [Ratschbacher et al., 1993] . This is indicated by Latest CretaceousEocene orogen parallel extension of the Danubian units [Fügenschuh and Schmid, 2005] , followed by the Early Oligocene 35 km dextral offset of the Cerna fault [Berza and Draganescu, 1988] and Lower Miocene 65 km dextral offset of the Timok fault [Kraütner and Krstič, 2003] (Figure 4 .2). The effects of the TiszaDacia rotation on the SE Carpathian evolution are largely unknown.
Miocene contraction of the external East and SE Carpathians
The subsequent tectonic evolution of the Miocene external thrust belt [Săndulescu, 1988] was driven by subduction retreat of a slab derived from the Ceahlău-Severin Ocean into the so-called "Carpathian embayment". This concave-shaped embayment follows the present-day curved configuration of the Carpathians and was situated in a more eastward position relative to the Ceahlău-Severin paleogeographic domain (Figure 4 .1) [Balla, 1987; Ustaszewski et al., 2008] . The mechanism generating the retreat of the Carpathian slab and its relationships with the pre-dating period of convergence without back-arc extension are rather unknown. Closure of the embayment culminated with the late Miocene continental collision of the Tisza-Dacia block with the European/Moesian foreland [Săndulescu, 1988; Morley, 1996] .
The Miocene external thrust belt of the East and SE Carpathians comprises Cretaceous to Miocene clastic sediments (mostly turbidites; Figure 4 .2) presently nappe-stacked over the European foreland (senso-largo, including the distal parts of the Moesian and Scythian platforms; Figure 4 .1). Thrusting of the Miocene external thrust belt took place gradually towards the foreland as dated by post- t th hr ru us st ti in ng g f fo or rw wa ar rd d--b br re ea ak ki in ng g t th h r ru u s s t ti in n g g s s e eu u e e n n c c e e M Mi id dd dl le e--L La at te e O Ol li ig go oc ce en ne e: : O Op pe en ni in ng g o of f t th he e C Ce ea ah hl la au u--S Se ev ve er ri in n O Oc ce ea an n South Carpathians s si im mp pl le e--s sh he ea ar r e ex xt te en ns si io on n d de ex xt tr ra al l r ro ot ta at ti io on n e ex xt te en ns si io on na al l c co ol ll la ap ps se e 50º P Pl li io oc ce en ne e --Q Qu ua at te er rn na ar ry y: : 
Post-collisional deformation in the SE Carpathians
After the late Miocene termination of thrusting in the Carpathians, post-collisional deformation affected the area of the SE Carpathians only (Figure 4.1a [see Hippolyte and Săndulescu, 1996] . In contrast to the ∼2 Ma onset of deformation indicated by the inversion of foredeep strata as young as lower Quaternary, sandstone petrography data record a change in the source area around 5 Ma, from a volcanic arc province derived from the hinterland volcanoclastic edifices [see also Seghedi et al., 2004] (Figure 4.1a) , to a recycled orogen province [Panaiotu et al., 2007] (Figure 4 .2).
The post-collisional deformation structures in the SE Carpathians have been attributed to a large number of potential geodynamic processes, in an effort to explain the high-velocity mantle anomaly and strong intermediate-mantle seismicity presently observed beneath the Vrancea area (Figure 4.1a) [e.g. Oncescu and Bonjer, 1997; Martin et al., 2006] . Popular geodynamic models such as various types of slab detachment, slab delamination, thermal re-equilibration, large-scale lithospheric/crustal folding or gravitational instability of the mantle lithosphere have been proposed [see discussion in Matenco et al., 2007] . Whichever geodynamic model is preferred, they all invoke an initial Miocene slab retreat/roll-back [see Royden and Burchfiel, 1989] S S E E C C a a r r p p a a t t h h i i a a n n s s Figure 4 .3: Simplified map of the SE Carpathians [after Săndulescu, 1984; Visarion et al., 1988; Matenco et al., 2003] 
Low-temperature thermochronology of the SE Carpathians
To reconstruct the tectonic evolution of SE Carpathians, vertical movements were traced along a ∼150 km long NW-SE trending iso-elevation transect (average elevation 580 ± 130 meters) crossing the SE Carpathian orogen from the Transylvania hinterland basin to the Focşani foredeep basin (Figure 4 .3). In total, 16 crystalline basement and clastic sediment samples were analysed for AFT and AHe thermochronology (Table 4 .1). Of the 16 samples, six were already measured for AFT [Sanders et al., 1999] and reassessed by AHe ( Table A .2 for further details). AFT ages of "Carp" samples are central ages, and if available, age components for heterogeneous samples [Sanders et al. , 1999] . AHe ages are error weighted average ages from this study. Ages in italics are non-reset ages.
Overview of thermochronological ages (Ma) d a Sample codes "RO" are from this study. "Carp" sample codes are from the study of Sanders et al. [1999] ; six of these samples were analysed by AHe thermochronology in this study.
b AFT data of this study ("RO" sample codes) and from the study of Sanders et al. [1999] ("Carp" sample codes). NGr. is number of dated apatite crystals; P( χ 2 ) is probability obtaining Chi-square (χ 2 ) for n degrees of freedom (where n is number of crystals minus 1) [Galbraith , 1981; Green , 1981; Brandon , 1992] ; Disp. is dispersion in single grain ages [Galbraith and Laslett , 1993] ; Age is central age ± 1σ standard error [Galbraith and Laslett , 1993] . Ages in italics represent non-reset ages; MTL ± SDL is mean track length ± the standard deviation. Confined track lengths for samples from this study are normalized for track angle using the c-axis projection model of Donelick et al. [1999] ; NL is number of horizontal confined tracks. See Chapter 2 and Appendix A, Table A 
Analytical results
AFT ages were determined on 21 to 80 grains and represent central ages [Galbraith and Laslett, 1993] (Table 4 .1). Only two of the ten samples returned P(χ 2 ) values of >5% and dispersions <30% (RO-10 and RO-12; Table 4 .1), indicating homogeneous age populations [Brandon, 1992; Galbraith and Laslett, 1993] . One sample with a P(χ 2 ) value >1% and a dispersion <30% (RO-08) was also considered as homogeneous. The other seven samples have P(χ 2 ) values <1% and dispersions >30% (Table 4 .1), indicating mixed age distributions [Brandon, 1992; Galbraith and Laslett, 1993] . The BINOMFIT program [developed by M. Brandon and summarized in Ehlers et al., 2005] was used to decompose ages for these heterogeneous samples into age populations (Table 4 .1). Partial thermal annealing can result in reset and non-reset AFT age populations with respect to the stratigraphic age of the sediment sample. For samples with reset age populations, the youngest age component [minimum age; Galbraith and Laslett, 1993] is indicative for the onset of cooling of apatites least resistant to annealing, whereas for non-reset samples it may provide insight into the exhumation of the source area and the lag time before sedimentation.
For AHe thermochronology, single grain replicates (2 to 6) have been analysed for all samples. Because of the sometimes low 4 He, 232 Th and 238 U yield in the samples, blank corrections have been applied (See Chapter 2 and Tables B.3 and B.4). The three analyses of RO-10 required blank corrections between 69 to 100% and have not been taken into account for further interpretation because U-quantities were below detection limits of the mass spectrometer (Table B. 3). For each sample, the error weighted average of single grain ages has been used for further interpretation. Single grain ages for samples RO-09 and Carp 45 are very disperse and thus these samples have not been taken into account for further interpretation (Chapter 2 and Tables B.3 and B.4).
Both AFT and AHe reset (younger than stratigraphic age) ages and reset minimum age populations generally decrease along section from the internal Bucovinian basement nappes in the WNW to the Miocene external thin-skinned nappes in the SSE ( Table A .2). Etch pit diameters (D par ) were measured on both age and track length mounts in order to constrain the kinetic characteristics of the apatite grains [Donelick, 1993; Burtner et al., 1994; Ketcham et al., 1999] . Average D par values are between 1.0 ± 0.1 and 1.6 ± 0.4 µm ( Table A. 2) and a fluorine-apatite composition is inferred. No clear correlation could be obtained between D par values versus AFT ages and track lengths. Similarly, Sanders [1998] concluded that the statistical age components of the SE Carpathians did not directly correlate with the apatite compositional groups based on etch pit diameter or microprobe analysis. This can be explained by the fact that statistical mixture models analyse the final result of all factors influencing the spread in grain age populations, including not only chemical factors but also provenance ages. Thus for these samples, the obtained AFT age populations are due to provenance and/or composition.
Thermochronological ages versus depositional age
In general AFT ages have high dispersions, typically >30% ( Figure 4 .4 and Table 4.1). Only samples with pre-Albian depositional ages yield homogeneous AFT ages, with reset central ages ranging from 134 ± 18 Ma (Early Cretaceous) to 13 ± 2 Ma (middle Miocene) (Figure 4 .4a and Table 4 .1). These samples have AHe ages of 39 ± 6 Ma (middle Eocene) and 14 ± 1 Ma (middle Miocene). All other samples, i.e. clastic sediments deposited after intra-Albian emplacement of the Bucovinian nappes, returned P(χ 2 ) values of <5% and dispersions >30% (Figure 4 .4 and Table 4 .1). These samples have mixed AFT age populations ranging from 150 ± 62 Ma (Late Jurassic) to 2 ± 1 Ma (Pliocene-Quaternary) that can be explained by heterogeneous annealing of apatites with different annealing kinetics from a variety of sources [Brandon et al., 1998 ]. The high dispersions indicate reworking of sediments. Upper Cretaceous to upper Eocene sediments have reset AFT age populations ranging from 93 ± 23 Ma to 2 ± 1 Ma. Post-Eocene sediments yield both reset and non-reset (i.e. older than the stratigraphic age) AFT age populations ranging from 150 ± 62 Ma to 14 ± 4 Ma ( Figure 4 .4 and Table 4 .1), suggesting that this group of samples has not been buried to >110
• C since deposition. AHe ages for post-Albian samples are reset and cluster around 12 ± 2 Ma (middle Miocene) and 4.3 ± 0.2 to 1.9 ± 0.1 Ma (Pliocene-Quaternary) ( Figure 4 .4 and Table 4.1). Three samples yield non-reset AHe ages of 32 ± 2 Ma (RO-11), 9.9 ± 0.8 Ma (RO-04) and 9.2 ± 0.6 Ma (RO-02), suggesting that these were not buried to >60
• C since deposition and record provenance ages (Table 4 .1).
Thermal evolution of the SE Carpathians
Six tectonic units have been defined in order to discuss the age data: 1) Crystalline basement and Permo-Mesozoic cover of the Bucovinian nappes, 2) Mesozoic sediments of the Ceahlău unit, 3) Albian-Cenomanian post-tectonic cover of the Bucovinian nappes, 4) Cretaceous-Paleogene turbidites of the Miocene external thrust belt, 5) Paleogene-Miocene hinterland sediments of the Transylvania Basin and 6) Upper Miocene-Quaternary post-collisional sediments of the Focşani foredeep basin. To derive thermal histories, time-temperature paths were modelled with the HeFTy program Ketcham [2005b] , using AFT age and length data, and AHe data. Samples with non-reset AFT ages and/or multiple age populations were modelled using the AHe data only. Input model constraints are geological constraints (e.g. stratigraphic unconformities and well constrained tectonic phases). See Chapter 2 for a full description of modelling procedures. The crystalline basement of the Bucovinian nappes in the Perşani Mountains yields total reset AFT ages of 107 ± 14 Ma (RO-10) and 134 ± 18 Ma (Carp 32) (Figures 4.3 and 4.4, Table 4 .1). A reset AFT age of 107 ± 14 Ma in combination with a negatively skewed MTL of 12.71 ± 1.43 µm (Figure 4 .4b) points to a rapid cooling event followed by long residence in the partial annealing zone. Thermal modelling of RO-10, incorporating constraints of the marked Albian unconformity [e.g. Ştefănescu, 1976; Kräutner, 1980] and the ∼9 Ma exhumation Sanders et al. [1999] . Solid circles represent error weighted average AHe ages. Ages that fall below the dashed line are reset ages and ages above the dashed line are not reset after deposition and give a provenance age. Samples left of the dotted line are of pre-Albian age and yield total reset ages. Samples to the right of this line are characterized by high AFT age dispersions. b) The radial plots (left) show AFT single grain age distributions. Grey shaded area represents the depositional age; Solid black lines indicate central ages for homogeneous samples and age populations for heterogeneous samples (see text for further explanation). Abbreviations: n is number of counted grains; P(χ 2 ) is probability obtaining Chi-square (χ 2 ); Ages are central ages (for samples that do not pass P(χ 2 ) at 5%, age is shown in italics); D. is dispersion in single grain ages. The histograms (right) show measured c-axis projected confined track lengths. MTL is c-axis projected mean track length; SD is standard deviation of track length distribution; n is number of measured horizontal confined tracks. Săndulescu et al., 1981] , suggests two main heating-cooling episodes. The first episode is of Eocene age and indicates burial until ∼55 Ma, which reached maximum temperatures of ∼100
• C, followed by cooling from 55 to 50 Ma at a cooling rate of ∼13
• C/Ma (Figure 4 .6c and Table 4 .2). The second episode shows late Eocene-lower Miocene reburial to temperatures of ∼80
• C followed by cooling from 16 to 9 Ma at a cooling rate of ∼8
• C/Ma. From 9 Ma to present day, the sample cooled to surface temperatures at an average rate of ∼2
• C/Ma (Figure 4 .6c and Table 4 .2). The upper Albian-Cenomanian post-tectonic cover sealing the Bucovinian nappes yields more disperse reset AFT ages ranging from 93 ± 23 to 50 ± 13 Ma (Figures 4.3, 4 .4 and 4.5 and Table 4.1; RO-09 and Carp 45). The youngest age population is indicative for the onset of cooling of apatites least resistant to annealing and thus suggests Eocene cooling.
Ages for the Cretaceous-Paleogene turbidites of the Miocene external thrust belt indicate that the area stretching from the Convolute Flysch nappe to the Tarcău nappe was affected by early-middle Miocene exhumation, overprinted by latest Miocene-Pliocene and latest Pliocene-Quaternary exhumation episodes (Table 4. 
Name of units
For the internal nappes of the Miocene fold-and-thrust belt (Convolute Flysch, Macla and Audia nappes), AFT reset ages decrease towards the foreland from 19 ± 5, 13 ± 7 and 7 ± 3 Ma (AFT) and 12 ± 2 Ma (AHe) in the Convolute Flysch nappe (Carp 68) to 5 ± 1 Ma (AFT) and 4.3 ± 0.2 Ma (AHe) in the Audia nappe (Carp 31; Figure 4 .5 and Table 4 .1). Thermal modelling of a sample from the Convolute Flysch nappe (Carp 68) suggests rapid middle Miocene cooling (at ∼25
• C/Ma) from ∼90
• C to surface temperatures between 13 and 10 Ma (Figure 4 .6d and Table 4 .2). Thermal modelling of a sample from the Audia nappe (Carp 31) indicates the onset of rapid latest Miocene-earliest Pliocene cooling around 6-5 Ma. Cooling occurred in two main pulses (Figure 4 .6e and Table 4 .2); the first pulse occurred between 6 and 4 Ma with cooling from ∼110
• C to ∼55
• C at a rate of ∼33
• C/Ma. The second pulse occurred from ∼1 Ma to present with cooling from ∼55
• C to surface temperatures at a rate of ∼36
• C/Ma. In the external part of the Miocene fold-and-thrust belt (Tarcău, Marginal Folds and Subcarpathian nappes), AFT ages for the Paleogene sediments of the Tarcău nappe are more dispersed and show a general increase of population ages towards the foreland from reset 11 ± 3 and 3.8 ± 1.6 Ma (RO-07) to reset/nonreset 18 ± 5, 46 ± 11 and 150 ± 62 Ma (RO-05; The positively skewed broad track length distribution of RO-07 with a relatively short MTL of 11.62 ± 1.85 µm indicates a complex thermal history with significant partial annealing (Figure 4.4b) . Thermal modelling of this sample, incorporating constraints of the large-scale unconformity observed by late Sarmatian sediments overlying the external part of the Tarcău nappe [e.g. Murgeanu, 1967] , indicates Paleogene burial up to maximum temperatures of ∼110
• C, followed by middle Miocene (14-11 Ma) cooling from 108 to 52
• C at ∼19
• C/Ma (Figure 4 .6f and Table 4 .2). After reburial to maximum temperatures of ∼100
• C, a renewed cooling episode initiated around 3 Ma and yields a significantly higher cooling rate of ∼33
• C/Ma. Six samples from the Tarcău nappe have been modelled using their respective single grain AHe ages (Table 4 .2 and Figure 4 .6g). The major model constraint is the late Sarmatian unconformity also described above. Samples with a postSarmatian reset minimum AFT age population (RO-07, Carp 67, Carp 66) are constrained to pass through the 100-80
• C isotherm during the timing of the age population (Table 4 .2 and Figure 4 .6g). All model results suggest similar amounts of late Miocene-Pliocene (11-3 Ma) heating (up to ∼50
• C), followed by rapid cooling at around 3 Ma at cooling rates of 31 ± 7
• C/Ma (average rate of all six samples ± standard deviation; Table 4 .2 and Figure 4 .6g). More internal samples (RO-07, Carp 67, Carp 66) cooled from slightly higher temperatures (∼100
• C), whereas the more external samples (RO-06, Carp 64, RO-05) cooled from slightly lower temperatures (80-70
• C) during post-Sarmatian times (Figure 4 .6g). This is reflected by reset and non-reset AFT minimum age populations with respect to the late Sarmatian unconformity for these two groups respectively (Figure 4.5) .
Oligocene-Miocene hinterland sediments of the Transylvania Basin (Figure 4 .3 and Table 4 .1; RO-11, Carp 47 and Carp 33) yield non-reset AFT ages of 132 ± 13 Ma (Early Cretaceous), 98 ± 32 Ma (Albian-Cenomanian), 88 ± 8 and 84 ± 4 Ma (Intra-Senonian) and 44 ± 4 and 38 ± 8 Ma (Eocene). For RO-11, which has a Badenian depositional age (16.4-12.5 Ma), a non-reset AHe age of 32 ± 2 Ma was obtained (Table 4 .1). These ages are typical exhumation ages for the basement units (Figure 4 .3 and Table 4 .1) and suggest that the Bucovinian nappes have been a possible source area.
The uppermost Miocene (upper Sarmatian-Meotian) post-tectonic cover of the foreland (RO-04 and RO-02) yields AFT provenance ages of 109 ± 24 Ma (Albian), 78 ± 21 Ma (Intra-Senonian), 41 ± 9 and 35 ± 8 Ma (Eocene) and 14 ± 4 Ma (middle Miocene) (Figure 4.5 and Table 4 .1). Sample RO-04 with a Meotian depositional age (10.5-8.5 Ma), has a non-reset AHe age of 9.9 ± 0.8 Ma (Table 4 .1). Sample RO-02 has an AHe age of 9.2 ± 0.6 Ma with single grain ages ranging from 7.4 ± 0.6 to 10.7 ± 2.0 Ma (Tables 4.1 Table 4 .2 for an overview of modelling constraints and results). The apatite partial annealing zone (APAZ; 120-80
• C) and helium partial retention zone (HePRZ; 85-40
• C) are shown in grey shades. Black boxes show modelling constraints based on thermochronology results and available geological data (see text for further explanation). All model results are shown as a best fit line (solid black line) as well as a dark-grey and light-grey envelope, encompassing statistically good-fits (GOF>0.5) and acceptable-fits (0.05<GOF<0.5) respectively, where GOF is the goodness of fit [Ketcham, 2005b] . In deriving cooling rates from the thermal histories, a smoothed version of the modelled best-fit thermal history was used (dashed white line). Based on the path envelopes, the uncertainties on the cooling rates are estimated to range from 10-50%, depending on the sub-segment. In the discussion of the data, however, no individual uncertainties on cooling rates are reported. Stages and tectonic phases are depicted along the x-axis. No. paths, number of paths, where the total number of tried paths is 10,000; Acc., number of modelled acceptable paths (0.05<GOF<0.5, where GOF is the goodness of fit); Good, number of modelled good paths (GOF>0.5). 
Interpretation and estimates on uplift and erosion, subsidence and sedimentation
The timing and onset of exhumation events coincide with the presence of clastic sediments in the adjacent paleo-basins (Cretaceous sediments in the Ceahlău-Severin Ocean, latest Cretaceous-Paleogene sediments in the later Miocene foldand-thrust belt and post-Sarmatian sediments in the foreland basin), suggesting that post-Jurassic cooling in the SE Carpathians can be ascribed to increased erosion as a result of tectonic uplift or a base-level fall. Post-Jurassic heating of rocks can be mainly ascribed to burial by sedimentation and/or tectonic burial. Neogene volcanism in the Perşani Mountains had a negligible effect, as shown by the Cretaceous AFT ages for samples RO-10 and Carp 32 (Figure 4.3) . Minor reheating of the Bucovinian basement rocks surrounding the volcanics in the Perşani Mountains might however explain the relatively short MTL of 12.71 ± 1.43 µm for sample RO-10 (Figure 4 .4b).
To derive exhumation rates from the cooling rates (Table 4 .2 and Figure 4 .7), regional heat flow data [Veliciu and Visarion, 1984; Demetrescu et al., 2001; Andreescu et al., 2002; Demetrescu et al., 2007] were used to calculate a constant (paleo)-geothermal gradient of 20 ± 5
• C/km for the entire transect (see Chapter 2 for further details). The exception from this calculation is the area close to the Quaternary volcanics of the Perşani Mountains (Figure 4.3) , for which a geothermal gradient of 35 ± 10
• C/km was adopted for late Neogene cooling (sample RO-10).
Cretaceous-Paleogene exhumation
Three exhumation phases occurred during Cretaceous-Paleogene times. The intra-Albian ("Austrian") exhumation event recorded the emplacement of the upper Transylvanides nappes, the internal stacking of the basement-bearing Bucovinian nappes and deformation of the most internal thrust sheets of the Ceahlău unit (Figures 4.8a and b) . Reset late Early Cretaceous AFT ages and thermal modelling suggest intra-Albian exhumation of ∼3-5 km for the Bucovinian nappe (Figures 4.7 and 4.8b, Table 4.1; RO-10 and Carp 32).
Intra-Senonian ("Laramian") exhumation is recorded by Late Cretaceous AFT 
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Miocene contraction and collision of the East and SE Carpathian nappes
The Tisza-Dacia plate started to move into the Carpathian embayment during the Paleogene-early Miocene [e.g. Csontos, 1995] , subducting the Carpathian embayment and marking the onset of an earlier thrusting episode than previously assumed in the Miocene external thrust belt (Figures 4.8d and e) . This induced minor exhumation, as indicated by the early Miocene reset AFT age populations in the Convolute Flysch and Tarcău nappes (Table 4 .1). This is in agreement with the post-tectonic sediments (the "Doftana molasse") overlying an intra-Burdigalian unconformity [e.g. Ştefănescu and Mărunteanu, 1978] . Thrusting resumed during the middle Miocene as indicated by reset AFT and AHe ages of 16-11 Ma (Table 4 .1) and thermal modelling, which suggests 3.2 ± 0.5 km of exhumation (at 0.8 ± 0.4 mm/yr; Figure 4 .7 and Table 4 .2). This is in agreement with the ∼4 km of exhumation previously reported for the East Carpathians [Sanders et al., 1999; Gröger et al., 2008] and with the age of syn-and post-tectonic sediments [Săndulescu et al., 1981; Matenco and Bertotti, 2000] . Middle Miocene deformation gradually dies out towards the foreland, which is indicated by continuous sedimentation in the Subcarpathian nappe and foredeep. In the Transylvania basin, middle Miocene sediments record AFT and AHe ages that are not reset and are typical for the Bucovinian and Ceahlău units (Table 4 .1), suggesting coeval sourcing by erosional products of this exhumation phase (Figures 4.7d and 4.8e) .
At the beginning of the late Miocene, the Tarcău nappe was thrusted onto the Moesian foreland together with the Subcarpathian nappe (Figure 4 .8e). Timetemperature histories for the Baraolt, Convolute Flysch and Tarcău nappes Figure 4.6) indicate that exhumation continued until ∼11-9 Ma. This coincides with the widespread latest Miocene-Quaternary unconformable cover of the frontal Carpathian sole thrust [e.g. Murgeanu, 1967; Dumitrescu and Săndulescu, 1968; Ştefănescu et al., 2000; ] .
Late Miocene-Quaternary post-collisional evolution
Significant exhumation and deformation occurred in the SE Carpathians after the late Miocene collision. Exhumation in the central part of the nappe system (Audia and Tarcău nappes) is suggested by post-11 Ma AFT and AHe cooling ages and especially by a large number of AHe ages of 3-2 Ma (Table 4 .1). Total post-collisional exhumation is between 2-4 km, increasing towards the foreland (Table 4 .2 and Figure 4.7) . This evolution is in strong contrast with the rest of the Carpathians, where no significant deformation/exhumation occurred after the cessation of Miocene thrusting [e.g. Sanders et al., 1999; Matenco and Bertotti, 2000] .
Based on the new data, the late Miocene to Pleistocene evolution of the SE Carpathians can be subdivided into three periods.
Late Miocene-early Pliocene: subsidence of the external nappes and foreland coeval with hinterland uplift
Time-temperature models suggest that heating occurred in the Tarcău nappe from 11 to ∼3 Ma (Figures 4.6f and g ). This is interpreted as heating by sediment burial, which is in the order of 2.4 ± 0.4 km and occurred at a rate of ∼0.3 ± 0.1 mm/yr (Figure 4.7 and Table 4.2) . This is in agreement with regional tectonic reconstructions on the western flank of the Focşani Basin, which have postulated ∼2 km of restored sediment thickness over the external nappes [Leever et al., 2006] . North-and southwards, some of the uppermost Miocene sediments still unconformably cover large parts of the Tarcău nappe (Figure 4 .1).
Erosional products from the Miocene orogen are a possible source for latest Miocene clastic sedimentation in the foreland (Figure 4.8f) , as suggested by the non-reset AFT and AHe ages typical of the ones recorded in the orogen (Table 4 .1). The Transylvania Basin, Bucovinian, Ceahlău and Convolute Flysch nappes were slowly exhumed from the late Miocene to present (0.9 ± 0.7 km) at an average exhumation rate of ∼0.1 mm/yr (Table 4. 2 and Figures 4.7 and 4.8f) .
Pliocene-Quaternary inversion
The new AFT and AHe data suggest that post-collisional exhumation of the Miocene external thrust belt in the SE Carpathians started around 5 Ma. This is compatible with previously reported AFT data [Sanders et al., 1999] . However, the new data allow a significant improvement on spatial and temporal scales and suggest two exhumation episodes for post-collisional times.
Modelled time-temperature histories suggest that the central SE Carpathian orogen (Carp 31, Audia nappe) was exhumed around 6-5 Ma (Figure 4 .6e). Exhumation (∼2.7 km) occurred rapidly at 1.7 mm/yr (Figure 4.7 and Table 4.2) . This latest Miocene-early Pliocene exhumation episode, herewith defined as the "first post-collisional exhumation stage", is coeval with the continuation of subsidence in the Tarcău and Subcarpathian nappes (Figure 4 .8g) and the rapid subsidence and sedimentation recorded in the Focşani foredeep [Leever et al., 2006] .
AHe ages and thermal models indicate that rapid exhumation occurred at around 3-2 Ma for a large area in the SE Carpathians. This episode, herewith defined as the "second post-collisional exhumation stage", exhumed 3.8 ± 0.9 km of sediments in the Audia and Tarcău nappes from 3 Ma to present at rates of ∼1.6 ± 0.3 mm/yr (Figure 4.7 and Table 4 .2). The Upper Miocene foredeep sediments (RO-04 and RO-02) were exhumed <2 km as suggested by the nonreset AHe ages. The locus of the second post-collisional exhumation stage is shifted towards the foreland by 5-10 km in respect to the previous first postcollisional exhumation stage (Figure 4.8g) . The area for which the youngest AHe ages and largest amount of exhumation were obtained corresponds to the highest present-day elevations (Figure 4 .5), which demonstrates a direct link between recent tectonics and surface topography. The locus of post-collisional exhumation corresponds to the position where the basement beneath the nappe pile is in a shallow position [Landes et al., 2004; Bocin et al., 2005] , and is spatially juxtaposed over a shallow Moho configuration [Hauser et al., 2007] (Figure 4.7) . This suggests that post-collisional exhumation is possibly linked to processes taking place at deeper crustal levels.
The second post-collisional exhumation phase suggested by the thermochronological data is corroborated by structural and sedimentological observations. Outof-sequence thrusting and folding exposed parts of the Subcarpathian nappe buried earlier during the late Miocene-early Pliocene subsidence period (Figures 4 .1a and 4.5a). Syn-tectonic sedimentation and coarsening of sedimentary facies are observed for the uppermost Pliocene-Pleistocene [e.g. Lăzărescu and Popescu, 1986; Leever et al., 2006; Jipa, 2006] , such as the deposition of the coarse lower Pleistocene Cîndeşti gravels [Necea et al., 2005] .
For the first post-collisional exhumation stage such syn-tectonic sedimentation patterns are not recorded, suggesting that either tectonics are not responsible for this exhumation phase, or that syn-tectonic sediments were deposited over more internal areas in the orogen that were subsequently eroded. et al., 1998 ]. e) Early-middle Miocene exhumation: thrusting and subsequent erosion induced by ongoing shortening. f) Late Miocene: uplift of the Transylvania hinterland and internal nappes coeval with rapid subsidence in the external SE Carpathians and foredeep. g) Latest Miocene-Quaternary: foreland-propagating centre of maximum exhumation. h) Alternative interpretation for the first post-collisional exhumation stage: increased erosion by a base-level drop due to the MSC. See text for further explanation. 
Particularities of SE Carpathian kinematics
The Ceahlău-Severin oceanic domain was gradually consumed by subduction in intra-Albian times (Figure 4 .8b) and ultimately its sediments were thrust over the thinned European continental passive margin in intra-Senonian times (Figure 4.8c) . Thermochronological ages from the Bucovinian nappe do not show a Senonian overprint, suggesting that the intra-Albian is the major Cretaceous event, recording crustal shortening of the Bucovinian margin enhanced by the collision of the East Vardar ocean and the emplacement of the overlying Transylvanides over hundreds of kilometres [see also Schmid et al., 2008] .
Paleogene exhumation of the SE Carpathians
There are no post-tectonic covers to record the presence of deformation during the entire Paleogene. Based on a gradual eastward transition and thinning of upper Paleocene-lower Eocene sediments from coarse sandstones and conglomerates to more distal facies, Săndulescu [1994] has speculated that a low-angle detachment could have been active during this time interval in the depositional domain of the sediments subsequently incorporated in the Tarcău nappe. However, the same arguments could be used for an E-ward (in present day coordinates) thrusting event.
In the South Carpathians, large-scale Paleogene tectonics is known to accommodate the Paleogene-lower Miocene rotation of Tisza-Dacia around Moesia [Ratschbacher et al., 1993] , which took place along dextral strike-slip faults with large-offsets (Figure 4 .8d) [Fügenschuh and Schmid, 2005] . Since significant earlymiddle Eocene exhumation is recorded in the transition zone between the South and SE Carpathians, the Paleogene ages are interpreted as exhumation related to dextral rotations and translations in the South Carpathians (Figure 4.8d) . In this context, part of the thrusting observed in the Convolute Flysch/Macla/Audia nappes could already have taken place during the Paleogene, the classically defined early Miocene age being only the last peak event. Part of the associated syn-tectonic sedimentation is still visible in clastic wedges such as the upper Paleocene-lower Eocene one, another part subsequently either removed by erosion or hidden at depth by renewed contraction.
Collision mechanics
The SE Carpathians do not show enhanced exhumation in the upper plate (the Bucovinian basement) during collision, in contrast with theoretical models of retro-shear exhumation of double-vergent orogenic wedges [e.g. Beaumont et al., 1994; Schmid et al., 1996; Willett and Brandon, 2002] . This is demonstrated by the fact that the exhumation of the Bucovinian basement and the neighbouring Transylvania Basin at around 9 Ma [Krézsek and Bally, 2006] was minor and exhumation was not sufficient to exhume levels of reset late Miocene AFT ages (Figures 4.7 and 4.8e) . One alternative explanation for minor exhumation of the orogenic core is the possibility that the subduction zone has shifted towards the foreland, i.e. beneath the Danubian part of Moesia (Figure 4 .7a) that was already stacked with the upper plate at the end of the Cretaceous (Figures 4.8c and e). This is in agreement with similar kinematics of the South Carpathians [see Fügenschuh and Schmid, 2005] . The mechanism behind this shift of the subduction zone was a detachment of the Danubian crust from the underlying subducting mantle, similar to what has been described by Brun and Faccenna [2008] for the Aegean subduction zone.
The amount of exhumation related to Miocene nappe stacking and collision is roughly similar across the Ceahlău unit and Miocene external thrust belt (Figures 4.7 and 4.8e) . The final moment of collision is still recorded, as thermal modelling indicates some acceleration of exhumation around 12-11 Ma (e.g. Figures 4.6c and d) .
Post-collisional exhumation and subsidence: what is driving it?
The new AFT and AHe data demonstrate that the SE Carpathians are characterized by two post-collisional exhumation stages. Clear tectonic links have been identified for the second post-collisional exhumation stage. The latter stage is characterized by coeval uplift and subsidence and is the result of a tectonic episode which differs from the early to middle Miocene nappe-stacking. The back-stepping of the centre of maximum exhumation, the correlation between the uplift and erosion of the nappe pile and the shallow basement/Moho (Figure 4.7) , and the out-of-sequence deformation mode suggest crustal-scale uplift of the orogen coeval with foreland subsidence. The ∼5 km Quaternary shortening suggested in recent studies by seismic analysis and geomorphological analysis of river terraces [e.g. Necea et al., 2005; Leever et al., 2006] is similar in magnitude to the total amount of exhumation obtained for the external nappes (3.8 ± 0.9 km). Shortening along steep basement thrusts would yield comparable vertical magnitudes with respect to the amount of uplift and erosion. Therefore, the second post-collisional exhumation stage is interpreted to be related to reverse faulting along basement thrusts and the subsequent erosion of the uplifted areas (Figure 4 .8g). When combined with the subsidence in the foreland, this gives a fold-like geometry at crustal scale (Figure 4.8g) . This type of strain partitioning in the foreland of an orogen is a known process, defined as collisional coupling by Ziegler et al. [1995] .
The first post-collisional exhumation stage may be interpreted following two possible scenarios. The first scenario (Figure 4 .8g) assumes a tectonic uplift of the thin-skinned nappe pile and can justify the shift from internal to external sediment sources observed in the SE Carpathians at 5-6 Ma [Panaiotu et al., 2007] . If this tectonically-driven scenario is assumed, a lateral migration of exhumation and an increase in amplitudes from the hinterland towards the foreland can be observed in the SE Carpathians during the entire post-collisional time interval (Figure 4.8g) . At first, the margin of the Transylvania basin adjacent to the SE Carpathians was exhumed at the end of the Pannonian times (∼9 Ma). Subsequently, the locus of exhumation migrated in time to the limit between the Audia and Tarcău nappes at 5-6 Ma (first post-collisional exhumation stage) and then more to the foreland in the centre of the Tarcău nappe starting around 3-2 Ma (second postcollisional exhumation stage). The amplitudes of exhumation are also increasing in time, from <2 km at the end of the Pannonian, to ∼2.7 km in the Pliocene, reaching 3.8 km during the Quaternary with similar rates of exhumation for the last two episodes (∼1.6-1.7 mm/yr). In terms of deep lithospheric mechanics, any of the Vrancea slab models which assume the coupling of uplift in the orogen with subsidence driven by the slab-pull in the foreland, migrating in time after the collision can be discussed in this context. These models include, although not exclusively, a gravitational instability of the mantle lithosphere [Houseman and Gemmer, 2007] , delamination [e.g. Knapp et al., 2005] or lithospheric folding conditioned by the slab-pull [Matenco et al., 2007] .
In the second, more speculative, scenario (Figure 4.8h) , the first post-collisional exhumation stage is associated with a base-level drop and rapid fill observed in the Carpathian foreland after 6 Ma [Leever, 2007] related to the large scale sealevel drop of the Messinian Salinity Crisis (MSC, [Krijgsman et al., 1999] . Recent studies of orogenic evolution in the Mediterranean realm, such as for the Alps [e.g. Willett et al., 2006] , indicated a shift of exhumation to orogenic interiors and a change to orogenic destruction coeval with the MSC. This is associated with an increase of erosional denudation as a result of the larger exposures of the Mediterranean domain during the Messinian low-stand [e.g. Clauzon et al., 1996; Foeken et al., 2003] . These conditions are met in a similar fashion for the orogens in the Paratethys realms such as the SE Carpathians, where a coeval large sea-level drop associated with massive sedimentation has been reported for the Black Sea [see Dinu et al., 2005; Gillet et al., 2007] . This MSC middle Pontian sea level drop recorded in the Paratethys domain [e.g. Stoica et al., 2007] has potentially induced a shift of depocenters towards the deeper parts of the Black Sea, which is coeval with enhanced erosion of the orogen and exposed parts of the basins.
Conclusions
AFT and AHe thermochronology indicate an exhumation history for the SE Carpathians which covers their entire contractional evolution, from the onset of nappe-stacking in the Cretaceous to the recent post-collisional deformations. This is a significant improvement of the qualitative averaging results of previous AFT studies [e.g. Sanders et al., 1999] . Cooling ages generally decrease from Cretaceous for the internal basement nappes (AFT and AHe ages), to MioceneQuaternary (AFT and AHe respectively) towards the foreland, confirming the idea of a forward-breaking sequence of the contractional episodes, which generally overlap classical tectonic stages defined by field kinematics.
The most significant Cretaceous event is the intra-Albian exhumation (∼3-5 km) related to the continental collision of the East Vardar Ocean, thick-skinned shortening of the Bucovinian nappes and the onset of subduction of the Ceahlău-Severin ocean. The upper plate of the Ceahlău-Severin subduction (i.e. the Bucovinian basement) has not been exhumed at AFT resolution since the intraAlbian event. Rather limited intra-Senonian exhumation (∼3 km) is related to the subduction of the oceanic part of the Ceahlău-Severin Ocean and possibly the thrusting of its sediments over the European continental passive margin. Exhumation rates of 0.4-0.7 mm/yr obtained for the Paleogene can be related to an earlier onset of thrusting in the internal nappes of the Miocene external thrust belt of the East and SE Carpathians, associated with the rotation of Tisza-Dacia around the Moesian promontory.
The new data furthermore suggest that the SE Carpathians have been affected by early-middle Miocene exhumation of 3.2 ± 0.5 km, which occurred at rates of 0.8 ± 0.4 mm/yr. These exhumation rates are similar to the one previously inferred for the East Carpathians [Sanders et al., 1999] . After the Sarmatian collision, the hinterland (Transylvania Basin, Bucovinian nappes and Ceahlău unit) was gradually uplifted and eroded at slow rates of ∼0.1 mm/yr (0.8 ± 0.4 km).
In contrast to the rest of the Romanian Carpathians, the SE Carpathian tectonic evolution is overprinted by two younger exhumation events in the PliocenePleistocene. The first post-collisional exhumation phase (latest Miocene-early Pliocene) in the central part of the Miocene external thrust belt occurred at high exhumation rates (∼1.7 mm/yr), and is interpreted as a tectonic event and/or associated with a sea-level drop in the Paratethys basins during the Messinian low-stand. The second post-collisional exhumation phase suggests rapid Pleistocene exhumation (3.8 ± 0.9 km at rates of 1.6 ± 0.3 mm/yr) for the external part of the Miocene thrust belt and is interpreted to represent crustal-scale shortening by reverse faulting along steep basement thrusts and the subsequent erosion of the uplifted areas.
The evolution of the SE Carpathians represents an effect of the interplay between orogenic and intra-plate processes conditioned by the late-stage evolution of the Vrancea slab. Data suggest that the SE Carpathians did not develop as a typical double-vergent orogenic wedge; instead, exhumation was related to a foreland-vergent sequence of nappe stacking during collision, followed by a large out-of-sequence shortening event truncating the already locked collisional boundary.
